Abstract. Traditional steel reinforcement does not resist corrosion and its resources are limited; therefore, carbon, glass, aramid and basalt fibre reinforced polymer bars were developed. The composite reinforcement has a high tensile strength and resistance to electromagnetic fields. Different kinds of materials and application of various surface coatings are used in the production of the composite bars. This results in different adhesion to concrete and mechanical properties of composite bars. In comparison with steel reinforcement, glass, aramid and basalt fibre reinforced polymer bars have a lower modulus of elasticity. Thus, structural rigidity provided by these bars is smaller in respect to reinforced concrete elements. Current reinforced concrete design codes and recommendations are based on empirical and simplified methods of strain evaluation, which may be inadequate for design of structures with composite bars. In this paper, an adequacy of the empirical models was checked against the experimental data of concrete beams reinforced with composite bars. The moment-curvature data of 52 beams reported in the literature and conducted by the authors were used for assessment of accuracy of design methods. In order to perform the analysis, different methods from Keywords: fibre reinforced polymer bars, FRP, design codes, experimental data, deflection, reinforced concrete, accuracy analysis, short-term loading.
Introduction
Concrete is a composite material highly resistant to compression; however, it is brittle and has low tensile strength. Therefore, reinforcement bars are used to take over the tensile stresses. Generally, steel reinforcement bars are used for the production of structural elements. Properly designed and built concrete structures could be used for centuries. Unfortunately, due to the low cracking resistance of concrete, unacceptable cracks often appear in the structures. This leads to intensive corrosion of steel reinforcement while the resultant products of the corrosion process continue to erode the concrete. Without the protection and strengthening actions, the structure quickly loses its operational characteristics. Currently, almost half of the budget of the construction industry is spent on the reconstruction and repair of already existing buildings (Cigna et al. 2003) . It is not surprising that huge financial investments and efforts of scientists and engineers from all over the world are made for improvement of structural and technical solutions of concrete structures and creation of new and efficient materials. In order to prevent the corrosion of steel reinforcement, fibre reinforced polymer (FRP) were developed. Unlike steel reinforcement, these bars are more resistant to the effects of cyclic load and electromagnetic fields. FRP bars consist of resin and fibre. Environmental resistance of these bars depends on resin properties. FRP bars are made from glass, carbon, aramid or basalt fibres (GFRP, CFRP, AFRP and BFRP, respectively). Fibres are responsible for mechanical properties of FRP bars, on which the deformational behaviour of reinforced concrete structures depends.
Production of FRP bars involves formation of a cross-section and surface treatment (Fig. 1a) . The surface treatment determines the quality of bond between the bars and the concrete matrix. Complex, uneven and rough shape of bars ensures good bond properties; however, such surface treatment results in significant price increase of reinforcement. There is still no global consensus on the most effective shape of FRP bars. Standardisation of the shape would allow a more extensive use of such type of reinforcement in the construction industry. In a similar manner, the development of the shape of steel reinforcement was carried out. However, it took over 100 years to be completed (Fig. 1b) .
According to ACI 440.1R-06 design recommendations, in order to ensure the serviceability limit state of existing structures, a characteristic value of tensile strength of GFRP and BFRP, AFRP, CFRP has to be reduced by 20%, 30%, 55%, respectively. As shown in Fig. 2 , the CFRP bars have the best mechanical properties, but materials for its production are hardly accessible. Meanwhile, GFRP production uses widely available sand and manufacturing technology is rather simple; therefore, GFRP bars are the most popular among the other types of FRP. In terms of mechanical properties and production complexity, BFRP and AFRP bars are somewhere the middle, but they are rarely used in practice.
A low modulus of elasticity is the main drawback of GFRP bars (Fig. 2) . This leads to a smaller structural rigidity provided by these bars in respect to reinforced concrete elements. The bond between composite bars and concrete depends on the surface pattern of these bars (Fig. 1a) and is not always guaranteed. Structural elements with such reinforcement may not meet a serviceability (a limitation of strain and deflection) requirements. Current design codes and recommendations of structural concrete are based on empirical and simplified methods of deformation evaluation, which may be inadequate for design of structures with FRP bars. Therefore, additional and more comprehensive studies of structural elements reinforced with FRP bars have to be performed. In this paper, adequacy of empirical models for deflection evaluation was checked against the experimental data of concrete beams reinforced with composite bars. The moment-curvature data of 52 beams reported in the literature and conducted by the authors were used for assessment of accuracy of deflection calculation. 
Deflection determination
Behaviour of reinforced concrete is a complex issue. Determination of the behaviour of structural elements is aggravated by different physical and mechanical properties of concrete and reinforcement, non-linear behaviour, cracking, shrinkage and creep, absence of bond between reinforcement and concrete, distribution of rebars in the cross-section and the scale factor make. Modelling of the cracking of concrete and bond between reinforcement and concrete have the greatest influence on the results of deformation evaluation.
Design 
where: k is the coefficient depending on the loading scheme k = 23/216 for the beams loaded by two concentrated forces); κ represents the curvature corresponding to the maximum bending moment; and l 0 indicates the span length of the beam. All of the methods use the same k and l 0 parameters and only differ in the technique of curvature determination.
Accuracy analysis
The authors have shown (Gribniak et al. 2013 ) that the tension-stiffening is very important for the deformation assessment of concrete elements reinforced with composite bars. Still, there is no single approach to determine the effect of tension-stiffening for such type of reinforcement. As mentioned before, the deformations due to the low modulus of elasticity of concrete elements reinforced with FRP bars are different from the ones of concrete elements with steel reinforcement. Therefore, the application of design codes of structural concrete for design of concrete structures reinforced with FRP bars may be inadequate.
Experimental data
The accuracy analysis of deflection assessment methods of design codes and recommendations was performed in two stages. Rafi et al. 2008; Barris Peña et al. 2009; Soric et al. 2010; Ascione et al. 2010 ) was used in the first stage of the statistical analysis. In order to verify the adequacy of the results of performed statistical analysis, the test data of six beams reinforced with GFRP bars (66 experimental measurements) tested by the authors were used in the second stage. The analysed beams were divided into groups according to the type of reinforcement, the reinforcement ratio, the strength of concrete and the ratio of reinforcement and concrete modulus of elasticity as shown in Figure 3 . All beams had a rectangular shape and were tested under four-point bending scheme. The beams were reinforced with GFRP, CFRP or AFRP bars. The main characteristics of the beams are given in Table 1 (No. 1-46). The reinforcement ratio (ρ) varies from 0.2% to 3.6%, the average compressive strength of concrete (f cm ) -from 24.1 MPa to 61.7 MPa, the ratio of reinforcement and concrete modulus of elasticity (n f ) -from 1.00 to 4.39. Other parameters presented in the table are the height (h) and the width (b) of the section, the effective depth (d) and the length of the beam (L).
The operating loading value and the deflection of mid-span point have been recorded during the experimental testing of the beams. In accordance with the Equation (1) and deflection values obtained from the experiments, the moment-curvature diagrams were derived.
The beams tested by the authors were reinforced with GFRP bars (ComBAR, Schöck Bauteile GmbH). The main characteristics of the beams are given in Table 1 (No. 47-52). The reinforcement ratio (ρ) varies from 0.2% to 1.1%, the average compressive strength of concrete (f cm ) -from 44.6 MPa to 56.0 MPa.
Analytical method
Accuracy of curvature (deflection) assessment methods of reinforced concrete elements is analysed examining ratio D as follows:
where κ calc and κ obs are the calculated and experimentally obtained curvature of the beams, respectively (Timinskas 2014) . A logarithmic normalisation:
was introduced to ensure equal contribution to the accuracy of underestimated (D < 1) and overestimated (D ≥ 1) predictions. The authors kept to the view that a prediction is safe if D ≥ 1 (Θ ≥ 0), meaning that the code overestimates the deflection rather than underestimating it.
Considering the relative deflection D as a random variable, statistical methods can be used to assess the accuracy represented by the central tendency and variability. The central tendency is regarded as a precision parameter of the calculation method. The postulate of minimum variability is used to evaluate consistency of ( )
All of the descriptive statistical data is given in Table 2 . The most striking feature is high values of the coefficient of variation υ D obtained for all methods under consideration. To investigate the reasons for that, a regression analysis was carried out. The influence of variation in parameters, such as loading intensity K, reinforcement ratio ρ, average compressive strength of concrete f cm , and ratio of reinforcement and concrete modulus of elasticity n f on experimental moment-curvature diagrams has been observed. The loading intensity (loading levels) is considered as the ratio K:
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where cr M and
are the theoretically calculated cracking and pseudo-cracking moments, respectively. The cracking moment was determined by the expression from the Eurocode 2 (LST 2007):
where: I el is the moment of inertia for uncracked cross-section; y t represents the distance from the neutral axis to the sectional layer most in tension; and f ct indicates the tensile strength of concrete determined by the values of the compressive strength of concrete f cm (Table 1) : Using Equation (5), the analysis is carried out in 11 load levels (K = 0 corresponding to the cracking moment, and K = 1 refers to the failure of an element). It is important to note that during the experiment, the failure mostly occurs in the compressive zone or due to the reached ultimate strength in the shear zone. Therefore, when the collapse of element is governed by the failure of reinforcement (the relative strength of FRP bars is considered to be 500 MPa), it is necessary to calculate the limit value of pseudo-cracking moment. Having in mind that the effect of tension-stiffening practically disappears with increasing loading, such limitation of the moment allows to assess the influence of constitutive model of tension-stiffening concrete on the results of deflection calculation.
The ratios D (2) of all the analysed deflection calculation methods were determined for each loading level. The regression analysis was performed to investigate the influence of variation of a model parameter X (ρ, n f , n f ρ, f cm or K) on scatter of deflection predictions. This analysis was performed using the linear regression model. Taking into consideration the transformation (3), the logarithmic scale for the ordinate axis is used in Figure 4 . Then, the regression model:
shown in Figure 4 , becomes linear (Θ = + ⋅ a b X). The values of the coefficients a and b as well as the coefficient of correlation r are also given in this figure.
It is important to note that, in the ideal case, no correlation between D and X should be obtained. The high absolute value of r indicates the presence of such correlation. The coefficient b (slope) characterises the influence of the variation of parameter X on the precision of the method expressed in terms of D. As indicated, the accuracy of a deflection prediction method should be independent of the variation of the model parameters, i.e. b should be close to 0. The systematic error of the method is characterised by the constant a (intercept) that ideally should approach 0. It indicates that the predicted values are equal to the experimental deflection, i.e. the method does not have a systematic error.
In this study, the analysed parameters (loading intensity, reinforcement ratio, average compressive strength of concrete, and a ratio of reinforcement and concrete modulus of elasticity) have different units of measurement, which makes it difficult to compare the influence on precision of deflection calculation methods. Therefore, the influence of variation of X on D can be compared using the dimensionless factors:
where: m X and m D are the mean values of the parameters X and D, respectively; and s X and s D are the respective standard deviations. The factor B D/X indicates a relative increase of D with a unit increment of X, whereas S D/X shows a relative part of variation of D due to scatter of parameter X. These factors are given in Table 3 with extreme values shown in bold. It should be pointed out that the regression model is developed using sample data and, therefore, it is influenced by sampling variation. Assessing the variation, widths of confidence and prediction intervals constructed for a regression model can be analysed. The confidence interval describes the area where the mean value µ Θ of ratio Θ with the ( − α 100 ) % probability would be inside the interval. In accordance with the expressions by Draper and Smith (1998) , the lower Θ ,1 conf and the upper Θ ,2 conf bounds of the (100 -a ) % confidence interval are obtained.
Unlike the confidence interval that assesses the mean prediction Θ µ , the prediction interval estimates the likely value of the deflection prediction Θ*, meaning that (100 − a) % of forecast predictions Θ would be inside the interval. As these predictions are associated with errors from the future observation, naturally, the prediction interval becomes wider than the confidence interval. As shown in Figure 4 , the confidence and prediction intervals for all the regression models were calculated under the assumption that a = 5%. The numerical parameters of the prediction intervals are also given in Table 4 .
Using the same analytical method as for the analysis of the data from the first stage, the test data from the second stage was analysed. The obtained results are presented in Figure 5. 
The analysis results
In this section, results of statistical analysis are discussed. Design codes and recommended methods for determining curvature were analysed during the stages. During the first stage, 46 concrete beams reinforced with FRP bars were analysed.
Location of confidence and prediction intervals (Fig. 4) with respect to the accurate forecast (D = 1) serves as a key factor of the analysis. A calculation method is regarded as precise (with the 95% probability) if its confidence intervals include the value D = 1. In the authors' view, the results on the safe side (overestimated predictions, (D > 1) are preferred considering the underestimation (D < 1) as unsafe.
Authors consider that the design method is reliable if ∆ ≥1 m . This means that the calculation by the design codes are derived element stiffness margin (calculated curvature by the design codes are systematically above the experimental values of the curvature).
Analysing the influence of the reinforcement ratio on the results presented in Figure 4 , it is important to note that the expression of linear regression may not be fully adequate. For instance, the regression expression of the methods from European and Russian design codes as well as Italian and American design recommendations is valid only when ρ ≤ 2,5 % (Fig. 4) . When ρ > 2.5% , regression becomes a non-linear and ρ =2.5% could be considered as a limit value.
Examining the FRP reinforcement, instead of the reinforcement ratio ρ, Torres et al. (2012) recommend to analyse a regression relationship between the ratio D and ρ f n (Fig. 4, Table 3 ). It should be noted that the relative stiffness ρ f n of reinforced concrete beams is usually higher than six. According to the parameters of the collected sample data, it can be seen that the relative stiffness ρ f n of the majority of concrete ele- -DT 203/2006 -18.7 | 4.9 -17.1 | 4.9 -20.6 | 0.9 7.7 | 0.6 -13.4 ments reinforced with FRP bars is less than 2. Therefore, the authors recommend to perform further studies, when ≤ ρ < 2 6 f n . Parameter ρ f n has a similar effect on the precision of each method: the scatter of ratio D is approx. 3.3 to 3.5%, only for European design code approx. 4.4% of D scatter can be attributed to the variation of ρ f n ( ∆/X S , Table 3 ). Summarising the results, it can be stated that the curvature assessed with methods from the American design code ACI 318M-11 and the one obtained from the experimental measurements differs the least; although, on average, it gives the deflection predictions underestimated by 11%. Theoretically, it could be considered as the most accurate method; however, it does not ensure the required structural rigidity and is not adequate for the design of concrete elements reinforced with FRP bars. The Italian design recommendations give the largest margin (overestimation up to 123%) leading to the unreasonable increase of cost of the structural elements. The average standard deviation of the curvature calculated with the methods from European and Russian design codes as well as Italian and American design recommendations are 51%, 52%, 63% and 24%, respectively. Moreover, changing the strength of concrete, the precision of the methods from European and Russian design codes as well as Italian and American design recommendations is improving. With increasing loading level K, the precision of the methods from European and Russian design codes as well as Italian design recommendations is improving as well. At the limit loading level, it gives the deflection predictions overestimated by 16%, 4% and 9%, respectively. This can be explained by the fact that with increasing loading, the influence of the tensile concrete on element deformations is decreasing and finally fully disappears (when only reinforcement takes over all tensile stresses).
The precision of the method from the American design recommendations practically does not depend on the loading level K. Such method provides the deflection predictions overestimated by 20%, which is the lowest of all analysed methods. Therefore, in the authors' view, the ACI 440.1R-06 method is the most suitable for the design of concrete structures reinforced with FRP bars.
In order to verify the adequacy of the results of performed statistical analysis, the test data from the second stage (six beams reinforced with GFRP bars, 66 experimental measurements in total) was analysed using the same analytical method. The obtained results are presented in Table 5 . As already mentioned, the reinforcement ratio ρ is not considered while creating a regression model of the ratio D for the concrete elements reinforced with FRP bars (Fig. 5) .
Due to a small experimental sample the analysis results are of a qualitative nature (type), i.e. it is not correct to consider statistical parameters such as mean average, standard deviation, etc. Following the data from Figure 5 , it can be seen that the method from ACI 318M-11 design code is very sensitive to the ch-
, the values of calculated curvature are 7 times lower than the experimental ones. The authors believe that this phenomenon observed at low load values and calculating the cracking moment is due to the overestimation of tensile strength of concrete.
Unlike in the first stage of analysis, curvature values calculated by the method from the European design code LST EN 1992-1-1:2005 were very close to the experimentally obtained results. Moreover, a scatter of the results was the lowest of all analysed methods (Fig. 5) . In the authors' view, the main reason for this is ensured bond properties between "Schöck ComBAR" rebars and concrete (Gudonis et al. 2012) .
As in the first stage, the curvature results calculated by the Russian design code SP 52-101-2003 are very similar to the European ones.
The character of the results of calculations by the American (ACI Committee 440 2006) and Italian (CNR 2007) design recommendations is similar to the one from the first stage. Calculation results of American design recommendations approximately correspond to the experimental data (the regression line is horizontal and close to the unit, see the comments on Equation (8)), although the distribution of the results obviously depends on the change of ρ f n . The Italian design recommendations ensure the margin of deflection calculations (it gives deflection predictions overestimated by 150%). This can be explained by the coefficient β 1 = 0.5 applied in the formula (8-12b) from ACI 440.1R-06 design recommendations. The obtained results show that the application of such value of β 1 regardless of the bond quality between FRP bars and concrete, is too rough for deflection calculations of concrete elements reinforced with various types of FRP bars. In case of the use of "Schöck ComBAR" reinforcement, the coefficient β 1 can be taken equal to 1.0.
Conclusions
According to the European (LST 2007), American (ACI Committee 318 2011), and Russian (NIIZhB 2006) design codes of structural concrete as well as Italian (CNR 2007) and American (ACI Committee 440 2006) design recommendations for FRP reinforced concrete elements, a comparative analysis of the accuracy of deflection assessment methods was performed. The statistical analysis was carried out using the data of 52 concrete beams reinforced with FRP bars (totally 532 experimental measurements) collected from 15 experimental programs. All of the beams were tested by a four-point bending scheme. Most of them were reinforced with GFRP bars (39 beams), the rest -with CFRP bars (12 beams) and one -with AFRP bars. Six beams tested by the authors were reinforced with "Schöck ComBAR" GFRP bars.
A design of concrete elements reinforced with FRP bars should be based on the experimental results of the structural stiffness and the bond properties between FRP bars and concrete. The authors suggest applying the American ACI 440.1R-06 design recommendations for the design of concrete elements reinforced with FRP bars. In case the bond properties between FRP bars and concrete are ensured (e.g. the use of "Schöck ComBAR" reinforcement), the European LST EN 1992-1-1:2005 design code is adequate for the deflection assessment of concrete elements reinforced with FRP bars.
